We have achieved the first reported pure phase synthesis of two new nanoparticle materials, Cu 3 PS 4 and Cu 6 PS 5 Cl. We have achieved this through learning about the potential reaction pathways that CuCl 2 , P 2 S 5 , and 1-dodecanethiol can take. This study has shown that the key variable to control is the state of the phosphorus source when the CuCl 2 is added. If P 2 S 5 is added together with the CuCl 2 to dodecanethiol then the reaction will follow a path to Cu 3 PS 4 , but if it is dissolved in dodecanethiol prior to the addition to CuCl 2 then the reaction will produce Cu 6 PS 5 Cl. The formation of these two different phases can occur simultaneously, yet we have found sets of conditions that manipulate the reaction system to form each phase exclusively. These nanoparticles could have broad semiconductor or solid electrolyte applications.
There is a need to explore new thin lm photovoltaic absorbers, as many of the current thin lm technologies have challenges associated with them. The high efficiency materials such as CuIn x Ga 1Àx Se 2 (ref. [1] [2] [3] [4] [5] and CdTe, [6] [7] [8] require the use of the lessabundant elements indium and tellurium. To rectify this short coming, materials that use earth abundant elements such as Cu 2 ZnSnSe 4 (CZTSe) 9, 10 and amorphous-Si [11] [12] [13] have been explored. This class of materials has been unable to reach the efficiencies of the CuIn x Ga 1Àx Se 2 and CdTe cells that are necessary to become an economic alternative to fossil fuel based energy. Specically in the case for CZTSe, the issue is caused by intrinsic defect formation, leading to band tails in the material. [14] [15] [16] [17] This defect is caused by the zinc on copper site (Cu Zn ) and the accompanying copper on zinc (Zn Cu ) site. 18, 19 This is due to the similar sizes of the Cu 1+ and the Zn 2+ ions.
Because of the uncertainties regarding the limitations and future of previously developed earth abundant materials for solar cells, it is necessary to investigate new materials that avoid the pitfalls that have hampered the previous technologies. It has been proposed to use a Cu 3 -V-VI 4 (V ¼ P, As, Sb; VI ¼ S, Se) structured material to address these issues. [20] [21] [22] [23] [24] [25] [26] [27] [28] This class of materials uses earth abundant cations to allow for production on a terawatt scale. They also avoid the cation switching that has hampered the efficiencies of CZTSe devices, due to the mismatch between the sizes of V 5+ and Cu 1+ cations.
Some work examining the phosphorus member of the Cu 3 -V-VI 4 material family and its potential use as a solar absorber material has been reported in the literature. The reported calculations have estimated that the band gap of the selenide material is within the ideal range of 1.0-1.5 eV, and they have potential for the power conversion efficiencies to be greater than that of CuInSe 2 . Experimental studies have conrmed the band gap of Cu 3 PSe 4 to be 1.35 eV. 22 On the other hand, Cu 3 PS 4 with a higher band gap is a potential candidate for a top cell in a tandem cell. Both of the materials have shown a photoelectric response, 22, 23 and could be attractive materials for photovoltaic devices.
In the past, crystals of Cu 3 PS 4 have been synthesized either using chemical vapor transport and temperatures in excess of 850 C for long periods of time such as 24 hours 20, 29 or heating elemental powders of copper, phosphorus and sulfur in sealed evacuated fused silica tubes at high temperatures for extended time periods. 22, 27, 30 While these techniques produce crystals of Cu 3 PS 4 that could be used for fundamental characterization, they are not suitable for fabrication of thin lms of Cu 3 PS 4 . There is a need to pursue and develop new solution based techniques for the synthesis of Cu 3 PS 4 , if it is to be competitive with other thin lm technologies. Using nanoparticles as a method for forming thin lms has been employed for a variety of other materials for PV applications.
1,9,31,32
The previous solution-based method, to synthesize Cu 3 PS 4 nanoparticles has faced signicant obstacles. 23 This method is based on reducing both copper and phosphorus to a neutral state and reacting them together to form Cu 3 P nanoparticles. These nanoparticles are then reacted with thiourea in a separate reaction. While this procedure does produce Cu 3 PS 4 nanoparticles, they are not pure phase. There is the presence of a phosphorus rich phase that is altering the composition and effecting the photoluminescence. If Cu 3 PS 4 nanoparticles are to be used a precursor to a solar absorber, they will need to be free of any contaminants that could adversely affect a nal lm.
For this contribution we have examined copper-phosphorus-sulde system. This material can occur in two main phases, the Cu 3 PS 4 enargite phase and the Cu 7 PS 6 argyrodite phase. The argyrodite structure also has a chloride phase compound Cu 6 PS 5 Cl. The enargite phase is of more interest for photovoltaic applications, as either a top material for a multijunction device or for use in high band gap electronic devices.
Argyrodites, while they may not be useful as solar absorbers, have been explored for use as solid electrolytes.
33-35 Cu 6 PS 5 Cl has been of particular interest due to its high performance and copper mobility. 36, 37 This material has shown better conductivities than other materials in the same family. In a similar case to the enargite materials, synthesis of the argyrodites is done in sealed ampule or vacuum based methods.
34-37
Experimental Co-addition of CuCl 2 and P 2 S 5 powders at room temperature for solvothermal nanoparticle synthesis
In a nitrogen lled glovebox, copper(II) chloride (Sigma-Aldrich, $99.995% trace metals basis, CuCl 2 ) and phosphorus pentasulde (Acros Organics, 98+%, P 2 S 5 ) are added to a reaction ask in either stoichiometric amounts or 50% excess phosphorus (Cu : P 2 : 1) content followed by 4 mL of 1-dodecanethiol (Sigma-Aldrich, $98%, DDT). This ask is heated to 250 C under an argon atmosphere and held at that temperature for 1 hour. Then the ask is allowed to cool to room temperature in ambient conditions. Aer nanoparticles reach room temperature, they are dispersed in a hexane and isopropanol mixture (V : V 1 : 5) and precipitated using centrifugation at 14k rpm for 5 minutes. This washing is done three times and aerwards the nanoparticles are dried under dry nitrogen.
Phosphorus pentasulde pre-dissolution nanoparticle reaction P 2 S 5 and 1-dodecanethiol are added to a reaction ask under a nitrogen atmosphere, and the ask heated under an argon atmosphere to 250 C and is held for 1 hour. Then it is cooled to ambient temperature. The ask is opened in a nitrogen atmosphere, and CuCl 2 is added to the ask, which is resealed. The ask is heated to 250 C under argon and is held for 1 hour, then is cooled to room temperature. The particles are dispersed in a hexane and isopropanol mixture (V : V 1 : 5) and are precipitated out by centrifuging at 14k rpm for 5 min. This is done three times, and then the nanoparticles are dried in nitrogen.
Characterization X-ray diffraction data was gathered using a Rigaku SmartLab diffractometer with a Cu Ka X-ray source. Raman spectra were acquired using a Horiba/Jobin-Yvon LabRAM HR 800 confocal microscope with a 633 nm He:Ne laser. Samples for XRD and Raman spectroscopy were made by drop casting the particles in hexane onto soda-lime glass. UV-Vis was collected by an Agilent Technologies Cary 60 spectrophotometer. Scanning electron microscopy energy dispersive X-ray spectroscopy data (SEM-EDS). Transmission electron microscopy (TEM) for the Cu 3 PS 4 nanoparticles was done on a Hitachi 2700-C, and for the Cu 6 -PS 5 Cl nanoparticles s FEI Talos F200X was used.
Results and discussion
We wanted to design a single pot synthesis to simplify the Cu 3 PS 4 synthesis and to avoid complications from having multiple steps. For this material in particular there have been issues with residual phosphorus staying on the nanoparticles aer an earlier reaction that stays with the nanoparticles through subsequent reactions. Other reaction pathways that use multiple steps could have possibilities for other impurities to be le behind. This means that we need to have our copper, phosphorus, and sulfur source all present and active in our initial reaction.
Synthesis of Cu 3 PS 4
We synthesized pure phase Cu 3 PS 4 nanoparticles by the novel co-addition of CuCl 2 and P 2 S 5 powders (Cu : P 2 : 1) at room temperature for nanoparticle synthesis method. The PXRD and Raman spectra are shown in Fig. 1 . All peaks seen in those spectra can be assigned to Cu 3 PS 4 . The phase purity of nanoparticles was conrmed by Rietveld renement (see ESI †), which found no evidence of the presence of Cu 6 PS 5 Cl and did not nd any unexplained peaks. The composition for the nanoparticles was examined through SEM-EDX (see Table 1 ), and it showed that the nanoparticles are very close to the expected composition but are slightly phosphorus rich and copper poor. The near stoichiometric composition of 3 : 1 Cu : P produced by this synthesis demonstrates an improvement over the 1 : 1 Cu : P ratio seen in previous studies. 23 This extreme phosphorus excess was hypothesized to be caused by a presence of elemental phosphorus on the surface of the nanoparticles. We attribute the lack of the extra phosphorus in our synthesis to the nal solubility of the P 2 S 5 in the dodecanethiol. Since the P 2 S 5 remained soluble at room temperature any excess can be removed with the solvent using a washing step. Typically this washing is done using isopropanol to remove any excess species from the nanoparticles.
Synthesis of Cu 6 PS 5 Cl
We were also able to synthesize pure phase Cu 6 PS 5 Cl nanoparticles by the phosphorus pentasulde pre-dissolution nanoparticle reaction. The amount of P 2 S 5 pre-dissolved in DDT and added CuCl 2 lead to Cu : P of 2 : 1. The PXRD data in Fig. 1 matches known spectra for this material. When this spectra was examined using Rietveld renement, it reported >99% Cu 6 PS 5 Cl and <1% Cu 3 PS 4 . We attribute this to experimental error, as the analysis was placing the peaks only within the noise of the spectra (see ESI †), and no Cu 3 PS 4 was observable in the Raman spectra. The SEM-EDS shows that the nanocrystals have approximately the correct atomic ratios of Cu, P, and S. We suspect the particles do not have the exact composition because of a few reasons. This synthesis procedure seems to make copper poor nanoparticles as seen in the Cu 3 PS 4 synthesis, and the dodecanethiol could be attached to the surface of the nanoparticles causing them to be sulfur rich. Being chlorine poor could be explained by a shortage of chlorine in the reaction ask since we know that HCl gas is produced during the initial part of the reaction. We have also taken Raman spectra for this material (see Fig. 1 ), but we do not have a known standard for it, but based on the previously shown data, we are condent that these nanoparticles are Cu 6 PS 5 Cl. We will be using this Raman spectra to identify this phase in other samples. The nanoparticles were also examined under TEM to see their size and shape (see Fig. 2b ). The nanoparticles vary widely in shape and size, with sizes ranging from 5-30 nm in calliper diameter. The shapes range from nearly spherical to irregular. The d-spacing for these particles was examined from an HR-TEM image and found the correct spacing of 0.28 nm for the {222} plane (see ESI †).
From the TEM images of the Cu 3 PS 4 nanoparticles (see Fig. 2a ), we can examine their size and shape. We have found them to be about 3-15 nm in diameter and are irregularly shaped. We also examined the plane spacing as well, and found the (002) plane with a d-spacing of 0.30 nm (see ESI †). We did not see any evidence of a phosphorus layer on the outside of the nanoparticles. This is in agreement with the SEM-EDX.
The band gap was measured using UV-Vis spectroscopy (see Fig. 2 ). Aer examining the absorption 1/2 curve, we found a linear region that corresponded to an indirect transition at 2.15 eV. It compares favourably with the previous work report for this material having an indirect band gap at 2.3 eV.
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Photoluminance data for Cu 3 PS 4 also shows the band gap to be around 2.3 eV, close to our measured band gap for nanoparticles synthesized by an earlier method.
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The state of phosphorus and how it leads to different reaction products
We have found that the state of the phosphorus source is a determining factor for the nanoparticle phase formed. P 2 S 5 reacts with thiols to from thiophosphate esters, 38 and these dissolve in the remaining excess thiol. We have observed the Fig. 3 ). Different reaction conditions effected the pathway that the reaction would follow and would have a signicant impact on the composition of the reaction products. Knowledge of this reaction scheme was what guided us to developing both pure phase syntheses previously described.
To test the signicance of the CuCl 2 to P 2 S 5 ratio, we rst added stoichiometric quantities of CuCl 2 and P 2 S 5 (Cu : P is 3 : 1) to the DDT at room temperature in the ask. This mixture was heated to 250 C and held there for 1 hour. During heat up, aliquots of samples were collected from the reaction ask and analyzed for composition by Raman spectroscopy, and the results are shown in Fig. 4a . It seems that the reaction of the P 2 S 5 with the CuCl 2 and DDT happen concurrently. When we compared the two phases of Cu 3 PS 4 and Cu 6 PS 5 Cl nanoparticles present during the heating ramp as well as the nal product from the synthesis we saw a shiing composition. As the reaction temperature increased, the Cu 6 PS 5 Cl phase began to form in a greater amount than the Cu 3 PS 4 . The nal composition was a mixture of both phases. When the reaction is modied so excess amounts of P 2 S 5 are added (Cu : P was 2 : 1) initially at room temperature to the reaction ask, we observed a different end result from the previous stoichiometric case. The beginning of the reaction remained similar with both phases present throughout the reaction period. Although the relative quantity of Cu 3 PS 4 was now higher with respect to Cu 6 PS 5 Cl but then end product was not the same (see Fig. 4b ). Due to the excess amounts of P 2 S 5 added, all of the Cu 6 PS 5 Cl phase converted into the Cu 3 PS 4 phase. We have tested this conversion in a separate reaction by using Cu 6 PS 5 Cl as a replacement for the CuCl 2 (Cu : P 2 : 1) and observed the phase change to Cu 3 PS 4 . This occurs at 250 C but does not happen at 150 C. The temperature dependence was why the Cu 6 PS 5 Cl phase appears at low temperatures only to disappear at higher temperatures.
To examine the changes that may occur with the state of phosphorus during the reaction, three experiments were done where the CuCl 2 was added to P 2 S 5 and DDT mixture at different points in the reaction. While P 2 S 5 was added to DDT at room temperature and heated, the CuCl 2 with Cu : P of 2 : 1 was added prior to heating, just aer reaching 250 C, and aer 1 hour at 250 C. The composition of the product nanoparticles shied from Cu 3 PS 4 rich to Cu 6 PS 5 Cl rich as the CuCl 2 was added later (see Fig. 5 ). We suggest that this shi is caused by the reaction history between the P 2 S 5 and the DDT. It seems that aer P 2 S 5 is dissolved in DDT, there are two types of phosphorus species that are present in the solution. Fig. 3) , and the second type of phosphorus species are by-products of P 2 S 5 reaction with DDT such as (RS) 3 PS and (RS) 2 PSSH. An increase in the second type of phosphorus species seems to occur with reaction time at 250 C leading to favorable formation of Cu 6 PS 5 Cl over Cu 3 PS 4 . In another possibility, the reaction of P 2 S 5 with DDT may itself provide the two types of phosphorus species.
To isolate the injection process as a possible variable, the synthesis was repeated with DDT heated alone to 250 C and then injected CuCl 2 and P 2 S 5 (Cu : P of 2 : 1) powders together at 250 C. As with the solvothermal reaction in Fig. 4b a time dependent evolution of the composition is seen. The composition shis from initially being Cu 6 PS 5 Cl rich to only Cu 3 PS 4 over the hour long reaction (see Fig. 6 ). This demonstrates that when the CuCl 2 and the P 2 S 5 are added together either at room temperature or at 250 C, the reaction will eventually produce Cu 3 PS 4 free of Cu 6 PS 5 Cl. However it is interesting to compare initial reaction products in Fig. 4b ) at a lower temperature of 150 C with that in Fig. 6 aer 1 The conversion of Cu 6 PS 5 Cl to Cu 3 PS 4 To see if the Cu 6 PS 5 Cl could directly be converted to Cu 3 PS 4 , a series of reactions was performed using Cu 6 PS 5 Cl as the only copper source. These reactions were done under three different conditions. Two that used the solvothermal method, whereby Cu 6 PS 5 Cl and P 2 S 5 are added to DDT at room temperature and the mixture is heated to the reaction temperature of either 150 C or 250 C ( Fig. 7b and a respectively) . In the third experiment, the Cu 6 PS 5 Cl is added aer the P 2 S 5 has been heated in DDT for 1 hour at 250 C (Fig. 7c) . The Cu 6 PS 5 Cl : P 2 S 5 in all three experiments was 2 : 3 which is close to the Cu : P Fig. 4 Raman spectra taken during the temperature ramp for the solvothermal reaction at two different composition loadings, (a) Cu : P 3 : 1, (b) Cu : P 2 : 1. The data at 250 C represents the sample when the reaction attains 250 C and the final data is after 1 hour.
Fig. 5
Final Raman spectra taken after reactions where the CuCl 2 is added at different times in the reaction (Cu : P 2 : 1). In (a) the reaction was terminated after 1 hour at 250 C, while (b) and (c) reactions were terminated after 1 hour following the addition of CuCl 2 . Fig. 7 ). This shows that the rate of reaction between the rst type of phosphorus species and Cu 6 PS 5 Cl to form Cu 3 PS 4 at lower temperatures (#150 C) is quite slower and one needs higher temperatures for this reaction rate to become appreciable. This temperature dependence on the conversion is the reason that in our Cu 3 PS 4 synthesis shown in Fig. 4b ), Cu 6 PS 5 Cl is present during early stages of the reaction at lower temperatures and only converts to Cu 3 PS 4 later on aer the reaction has reached 250 C. When the P 2 S 5 was reacted for an hour with the DDT at 250 C prior to adding the Cu 6 PS 5 Cl, the conversion to Cu 3 PS 4 was stopped. This is consistent with the possibility that at 250 C with time there is a decrease in the amount of the rst type of phosphorus species and aer one hour, the predominant phosphorus species is the second type which does not lead to the formation of Cu 3 PS 4 . This is consistent with our Cu 6 PS 5 Cl nanoparticle synthesis recipe where P 2 S 5 is rst heated at 250 C in DDT for an hour, the mixture is then cooled to room temperature to add CuCl 2 and run the solvothermal synthesis of the nanoparticles. When the original reaction conditions are used (using CuCl 2 and P 2 S 5 added together at room temperature to DDT and then heating to reaction temperature and holding for 1 hour) but using temperatures lower than 250 C, we did not get the desired single phase product (see Fig. 8 ). We observed similar compositions during the temperature ramp to the previously discussed reactions, where there was a mixture of the Cu 3 PS 4
and Cu 6 PS 5 Cl phases, when the temperature is below 250 C (Fig. 4b) . This was consistent with our ndings on the effect of temperature on the conversion from Cu 6 PS 5 Cl to Cu 3 PS 4 and the postulate that there are two types of phosphorus species in the solution with different reaction rates. At lower temperatures, reaction rate between rst type of phosphorus species and Cu 6 PS 5 Cl is low and therefore, one sees a preference for more Cu 3 PS 4 as the temperature increases.
Conclusions
Understanding and being able to control the process of the phase change was the important step to achieving each single phase product of Cu 3 PS 4 and Cu 6 PS 5 Cl. High temperatures facilitate the conversion, but it is necessary to add excess P 2 S 5 to make sure there is enough phosphorus to complete it. The conversion to Cu 3 PS 4 can be completely stopped if the phosphorus is dissolved in the thiol at high temperature of 250 C before adding the copper, because in this state it will not react with the Cu 6 PS 5 Cl. In order to explain the experimental observations and tailor the reaction when P 2 S 5 and CuCl 2 are reacted in DDT, we invoke the presence of two types of phosphorus species in the solution. The rst type of phosphorus species is favoured when excess phosphorus is added to the solution and solution temperatures are low. This rst type of phosphorus species reacts directly with copper precursors in the solution to for Cu 3 PS 4 , and also with Cu 6 PS 5 Cl to form Cu 3 PS 4 . Although for the reaction rates to be meaningful with Cu 6 PS 5 Cl, higher temperatures (T $ 250 C)
are needed. The second type of phosphorus species exclusively reacts with copper precursors in the solution to Cu 6 PS 5 Cl, and the abundance of this phosphorus species increases as temperature of the reaction is increased. At T $ 250 C, aer a period of about one hour, all of the phosphorus seems to be present as the second type of phosphorus species. It is likely that when P 2 S 5 is added to DDT and heated, initial phosphorus species are of the rst type which eventually convert to the second type at the higher temperatures. Once the second type of phosphorus species is present in the solution, it reacts rapidly with copper to form Cu 6 PS 5 Cl. However, if reaction temperatures are high enough and rst type of phosphorus is present in the solution, Cu 6 PS 5 Cl will react to form Cu 3 PS 4 . It is likely that the rst type of phosphorus is a dissolved P 2 S 5 in DDT and the second type of phosphorus species is likely to be formed due to a reaction between P 2 S 5 and DDT. Although the possibility of each phosphorus specie to be different by-product of the reaction between P 2 S 5 and DDT cannot be ruled out. Key to producing pure phase Cu 3 PS 4 is to ensure the presence of the rst type of phosphorous specie and the reaction temperature to be high enough for the conversion of any byproduct Cu 6 In summary, we have shown a new synthesis method for synthesizing copper phosphorus sulde nanoparticles. Our new synthesis is only a single step reaction that produces a phase pure product, making it advantageous to previous methods that have used multiple reactions and lead to a multiphase product. We have determined that controlling the reaction of the phosphorus pentasulde with the solvent is the key to determining the phase of the nal product. We have tested this using different reaction conditions. These nanoparticles are expected to have applications as a precursor for solar absorber lms and other thin-lm electronic devices.
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